Introduction {#s1}
============

Embryonic stem (ES) cells, derived from inner cell mass of the blastocyst, an early stage embryo, are pluripotent cells which can differentiate into any of the three germ layers, and thus are believed to have the potential to treat a wide range of degenerative diseases and tissue damages [@pone.0008419-Rossant1]. Recent advances in induced pluripotent stem (iPS) cells, which are derived by reprogramming of differentiated cells to ES-like cells using a set of defined factors [@pone.0008419-Takahashi1], [@pone.0008419-Yu1], have stimulated the excitement that many ethical and technical barriers associated with clinical application of ES cells may be overcome by using iPS cells. Current approaches to generate iPS cells involve ectopic expression of a set of transcription factors that are essential for self-renewal, such as Oct4, Sox2, Klf4, c-Myc, Nanog, and LIN28, through various viral vectors, plasmids, or recombinant proteins [@pone.0008419-Lowry1], [@pone.0008419-Zhou1]. In addition, pluripotent ES-like cells have been derived from germ cells under proper culturing conditions, including primordial germ cells from the embryo [@pone.0008419-Matsui1] and spermatogonial cells from neonatal or adult testes [@pone.0008419-KanatsuShinohara1], [@pone.0008419-Guan1], [@pone.0008419-Conrad1].

The 3′ untranslated regions (3′UTRs) of mRNAs contain various cis elements involved in post-transcriptional gene regulation, such as mRNA localization, stability, and translation [@pone.0008419-Wickens1], [@pone.0008419-Keene1], [@pone.0008419-Garneau1]. Cis elements that are widely encoded in 3′UTRs include miRNA target sites [@pone.0008419-Lewis1], AU-rich elements [@pone.0008419-Bakheet1], and GU-rich elements [@pone.0008419-Vlasova1]. Over half of all mammalian genes have multiple polyadenylation sites, or poly(A) sites, resulting in mRNA isoforms with different 3′UTRs and/or coding sequences (CDS) [@pone.0008419-Tian1], [@pone.0008419-Yan1]. Compared with constitutive regions of 3′UTRs, alternative regions are usually longer by ∼2 fold, have higher AU content, and contain more cis elements [@pone.0008419-Ji1].

Poly(A) sites, recognized and processed by the mRNA polyadenylation machinery, are essential for 3′ end maturation of almost all mRNAs in eukaryotic cells [@pone.0008419-Colgan1], [@pone.0008419-Zhao1]. About 90 protein factors have been shown to be part of or associated with the mRNA polyadenylation machinery in human cells [@pone.0008419-Shi1]. Both upstream and downstream elements surrounding a poly(A) site are critical for mRNA polyadenylation. For example, the CPSF complex interacts with the upstream AAUAAA/AUUAAA hexamer, also known as polyadenylation signal (PAS); and the CstF complex interacts with the downstream U-rich and GU-rich elements. In addition, various upstream and downstream auxiliary elements have been found to play regulatory roles in poly(A) site usage [@pone.0008419-Hu1], [@pone.0008419-Danckwardt1].

Regulation of alternative polyadenylation (APA) under various biological conditions has been analyzed for many cellular and viral genes [@pone.0008419-Lutz1], [@pone.0008419-EdwaldsGilbert1]. Recent global analyses have indicated that the APA pattern varies among tissue types [@pone.0008419-Zhang1], [@pone.0008419-Wang1]. For example, mRNAs expressed in brain tissues tend to have longer 3′UTRs than other tissue types [@pone.0008419-Zhang1], and those expressed in testes tend to have short 3′UTRs resulting from poly(A) sites that are not frequently used in other tissues [@pone.0008419-Zhang1], [@pone.0008419-Liu1]. In addition, APA can be dynamically regulated in response to extracellular signals, for example activation of neuronal cells [@pone.0008419-Flavell1]. A general trend of 3′UTR shortening in proliferating cells was reported by Sandberg and coworkers [@pone.0008419-Sandberg1]. Mayr and Bartel found that expression of mRNAs with shortened 3′UTRs are more apparent in transformed cells than nontransformed ones with similar proliferating rate [@pone.0008419-Mayr1]. We recently reported that 3′UTRs progressively lengthen via APA during mouse embryonic development [@pone.0008419-Ji1] and this regulation coordinates with various aspects of development including proliferation, differentiation, and morphogenesis, and likely results from weakening of the general mRNA polyadenylation activity when cells are committed to specific types.

Results {#s2}
=======

Analysis of 3′UTR Regulation in Generation of iPS Cells Using a Robust Computational Method {#s2a}
-------------------------------------------------------------------------------------------

A number of studies have used DNA microarrays to profile gene expression in reprogramming of somatic cells into iPS cells, all of which focused on mRNA levels. We were interested in how 3′UTRs were regulated during the reprogramming process. To this end, we collected data from a set of studies that utilized Affymetrix GeneChip microarrays, because their design was amenable to 3′UTR analysis for a large number of genes [@pone.0008419-Ji1], [@pone.0008419-Sandberg1]. As listed in [Tables S1](#pone.0008419.s012){ref-type="supplementary-material"} and [S2](#pone.0008419.s013){ref-type="supplementary-material"}, these studies included 5 data sets for mouse iPS cells derived from B lymphocytes [@pone.0008419-Mikkelsen1], mouse embryonic fibroblasts (MEFs) [@pone.0008419-Sridharan1], and adult neural stem cells (NSCs) [@pone.0008419-Kim1], [@pone.0008419-Kim2], and 4 data sets of human iPS cells derived from neonatal foreskin fibroblasts and fetal lung fibroblasts [@pone.0008419-Maherali1], [@pone.0008419-Park1], [@pone.0008419-Masaki1], [@pone.0008419-Lowry2]. In addition, we included a data set for human pluripotent stem cells derived from spermatogonial cells (SC), a type of germ cell, from human adult testis [@pone.0008419-Conrad1]. For simplicity, these SC-derived cells were also referred to as iPS cells in this study.

For genes with APA, the first and last poly(A) sites in the 3′-most exon were named proximal and distal sites, respectively ([Figure 1](#pone-0008419-g001){ref-type="fig"}). The regions upstream and downstream of a proximal site were named constitutive UTR (cUTR) and alternative UTR (aUTR), respectively. Accordingly, the 3′UTR in genes without APA was named single UTR (sUTR). Our method to analyze 3′UTR regulation was based on comparison of microarray probes targeting cUTRs with those targeting aUTRs with respect to intensity changes between samples in a sample set ([Figures 1](#pone-0008419-g001){ref-type="fig"} and [S1](#pone.0008419.s001){ref-type="supplementary-material"}). A score named Relative Usage of Distal poly(A) site, or RUD, was used to represent relative 3′UTR length for a gene in a sample, with high RUD indicating long 3′UTR. The median RUD of all surveyed genes in a sample was used to represent global 3′UTR length for the sample.

![Schematic of APA and analysis of APA using Affymetrix GeneChip probes.\
(A) A hypothetical gene with 2 poly(A) sites in the 3′-most exon expresses 2 transcript isoforms with different 3′UTRs. The common region is named constitutive UTR (cUTR) and the alternative region alternative UTR (aUTR). The poly(A) sites are named proximal and distal poly(A) sites based on their locations relative to the coding sequence (CDS). Affymetrix (Affy) GeneChip probes targeting cUTRs and aUTRs are separated and compared to derive a Relative Usage of Distal poly(A) site (RUD) score. pA, poly(A) site; AAA, poly(A) tail. (B) A gene with a single poly(A) site expresses a transcript with a single 3′UTR, named sUTR. Affy probes targeting sUTRs were randomly selected, 2 probes from 5′ region and 2 from 3′ region, for normalizing RUD values (see [Figure S1](#pone.0008419.s001){ref-type="supplementary-material"} for detail).](pone.0008419.g001){#pone-0008419-g001}

Interestingly, we found that microarray samples processed at different times could have systematic differences in RUD ([Figure S3](#pone.0008419.s003){ref-type="supplementary-material"}), presumably due to differences in sample processing. We thus developed a method to normalize RUD values across samples by using probes targeting sUTRs ([Figure S1](#pone.0008419.s001){ref-type="supplementary-material"}). Our rationale was that comparing 5′ sUTR probes with 3′ ones ([Figure 1B](#pone-0008419-g001){ref-type="fig"}) could provide a background difference for probes in cUTRs and aUTRs, controlling variation of RUD values between samples that are attributable to technical reasons. As shown in [Figure S3](#pone.0008419.s003){ref-type="supplementary-material"}, this approach significantly reduced sample-to-sample variations in RUD calculation: Similar biological samples processed at different times had closer normalized RUD (nRUD) values than not normalized ones.

Dynamic Regulation of 3′UTR by APA in Reprogramming of Different Cell Types {#s2b}
---------------------------------------------------------------------------

Using nRUD we found that genes tended to express mRNAs with shorter 3′UTRs in iPS cells than in source somatic cells ([Figures 2A and 2B](#pone-0008419-g002){ref-type="fig"}). By contrast, 3′UTRs lengthened during generation of iPS cells from SC ([Figure 2C](#pone-0008419-g002){ref-type="fig"}). For data sets that included ES cells, the 3′UTR length in reprogrammed iPS cells was generally closer to ES cells than to source cells, which was consistent with their phenotypes and gene expression profiles. The dynamics of 3′UTR regulation in cell reprogramming can be clearly manifested in the NSC.a study, which included both reprogramming of NSCs to iPS cells and differentiation of reprogrammed cells back to NSCs ([Figure S4](#pone.0008419.s004){ref-type="supplementary-material"}).

![Dynamic regulation of 3′UTR in generation of iPS cells.\
(A) Mouse cells reprogrammed to iPS cells. Each study is named by its source cell, which is indicated in the graph and listed in [Table S1](#pone.0008419.s012){ref-type="supplementary-material"}. B lymph., B lymphocyte; MEF, mouse embryonic fibroblast; NSC, neural stem cell. The y-axis for each plot is normalized Relative Usage of Distal poly(A) site score for a sample (nRUD, see [Figure S1](#pone.0008419.s001){ref-type="supplementary-material"} for detail). Error bars are standard deviations based on multiple samples. As indicated in the graphs, cells before and after reprogramming are indicated by 'B' and 'A', respectively, and partially reprogrammed cells and embryonic stem cells (ESCs) are indicated by 'P' and 'E', respectively. For the B lymph. data set, P1 and P2 corresponds to BIV1 (+Dox) and BIV1 (−Dox) in [@pone.0008419-Mikkelsen1], respectively. (B) Human cells reprogrammed to iPS cells. Data are presented as in (A). All cells were derived from fibroblasts (see [Table S1](#pone.0008419.s012){ref-type="supplementary-material"} for details). (C) Generation of iPS cells from human spermatogonial cells (SCs). Data are presented as in (A). (D) Hierarchical clustering of samples and gene nRUD values. Detailed view of the sample cluster and sample names are shown in [Figure S7](#pone.0008419.s007){ref-type="supplementary-material"}. A total of 674 genes were used. Clustering was based on Pearson Correlation. (E) Principal component (PC) analysis of samples using gene nRUD values. The top 3 PCs are plotted. As shown in the graph, symbols indicate cell types and colors indicate cell states. The percent of variation accounted for by each PC is indicated in parentheses. For all data sets, nRUD values before reprogramming are significantly different than those after reprogramming (*P*\<0.05, T-test, see [Table S1](#pone.0008419.s012){ref-type="supplementary-material"} for list of *P*-values).](pone.0008419.g002){#pone-0008419-g002}

Three studies included cells that were partially reprogrammed (B lymph. and MEF.a in [Figure 2A](#pone-0008419-g002){ref-type="fig"} and NHDF in [Figure 2B](#pone-0008419-g002){ref-type="fig"}), which were believed to be trapped at intermediate stages of reprogramming. Interestingly, the 3′UTR lengths of mRNAs in these partially reprogrammed cells appeared to be longer than those in fully reprogrammed ones. The differences appeared to be consistent with their phenotypes. For example, P1 and P2 in the B lymph. data set represented 2 different partially reprogrammed cells, with P2 being closer to fully reprogrammed iPS cells and ES cells based on the gene expression profie and growth behavior [@pone.0008419-Mikkelsen1]. In line with this, the 3′UTR length for P2 was closer to fully reprogrammed cells and P1 was closer to source cells ([Figure 2A](#pone-0008419-g002){ref-type="fig"}). This result suggests that regulation of 3′UTR is a continuous process during generation of iPS cells.

We found that while 3′UTR shortening in reprogramming of somatic cells to iPS cells could be discerned for most human and mouse genes and the consistency across data sets was much higher than random ([Figure S5](#pone.0008419.s005){ref-type="supplementary-material"}), the extent of shortening, however, appeared to be variable for different cell types ([Figures S6](#pone.0008419.s006){ref-type="supplementary-material"}). Reprogramming of NSC involved more drastic 3′UTR shortening than other cell types, which is similar in extent, but opposite in direction, to reprogramming of SC ([Figures 2](#pone-0008419-g002){ref-type="fig"} and [S6](#pone.0008419.s006){ref-type="supplementary-material"}). This result indicates that the direction and extent of 3′UTR regulation in generation of iPS cells reflect the difference between source cells and iPS cells. On this note, it has been reported that mRNAs expressed in neuronal cells tend to have longer 3′UTRs than other cell types, whereas those expressed in testes have shorter ones [@pone.0008419-Zhang1], [@pone.0008419-Liu1]. In addition, each cell type has a set of genes with a different direction of 3′UTR regulation than the global trend of the cell ([Figure S6C](#pone.0008419.s006){ref-type="supplementary-material"}), suggesting cell-specific regulation of APA for certain genes. In support of this notion, we found that the APA pattern can be used to separate samples according to reprogramming state and cell type by hierarchical clustering ([Figure 2D](#pone-0008419-g002){ref-type="fig"}) and principal component analysis ([Figure 2E](#pone-0008419-g002){ref-type="fig"}).

Regulation of 3′UTR in Generation of iPS Cells Is Related to That in Embryonic Development {#s2c}
------------------------------------------------------------------------------------------

Generation of iPS cells involves reprogramming of differentiated cells into an undifferentiated state, analogous to reversal of development. We thus wanted to know how APA in generation of iPS cells was related to that in embryonic development, during which 3′UTRs progressively lengthen [@pone.0008419-Ji1]. To this end, we focused on mouse genes because of availability of microarray data for mouse embryonic development. For all mouse genes with APA surveyed in this study, we first modeled change of 3′UTR length against 2 reprogramming states, i.e. before and after reprogramming, in 6 cell lines using logistic regression (see [Methods](#s4){ref-type="sec"} for detail) [@pone.0008419-Venables1]. The *P*-value of the model reflects the correlation between 3′UTR change and reprogramming state. An example is shown in [Figure 3A](#pone-0008419-g003){ref-type="fig"}. As expected, there were significantly more genes having negative correlation than those having positive correlation ([Figure 3B](#pone-0008419-g003){ref-type="fig"}), consistent with general shortening of 3′UTR during reprogramming of somatic cells.

![The 3′UTR regulation in generation of iPS cells is related to that in embryonic development.\
(A) An example of 3′UTR regulation in generation of mouse iPS cells. The gene *Tbc1d1* was randomly selected. The relationship between reprogramming state, i.e. before and after reprogramming, and gene nRUD values from 6 different data sets for 3 different cell types was analyzed by logistic regression. Y-axis is predicted probability that a sample is iPS cell after fitting the logistic regression model. *P*-value for data fitting is shown in the graph. (B) Distribution of logistic regression significance score (SS) for all surveyed genes (674 in total) (See [Methods](#s4){ref-type="sec"} for detail). As indicated on top of the graph, genes with negative SS were evenly divided into 3 groups and those with positive SS were divided into 2 groups. (C) An example of gene (*Eif1ad*) with 3′UTR lengthening in embryonic development. X-axis is relative embryonic days, with 0 being the median time point for each sample set. Y-axis is standardized RUD values which makes different sample sets comparable. Pearson correlation (*r*) and *P*-value for the linear regression line are shown in the graph, which reflect change of 3′UTR length over developmental time. (D) A total of 606 genes with APA that had detectable signals in more than 50% of all samples between 8.5 and P0 were surveyed, and 284 genes had significant change of 3′UTR over time (*P*\<0.05). A histogram of correlation (*r*) for these genes is presented. (E) Comparison of 3′UTR regulation in generation of iPS cells and embryonic development. Genes with significant regulation of 3′UTRs by APA in embryonic development were shown in (D). Fractions of genes with lengthening (red) or shortening (green) 3′UTRs during embryonic development for each of the 5 groups derived from (B) are plotted. *P*-value (Chi-squared test comparing fractions of genes with 3′UTR lengthening in embryonic development in 5 groups with those with 3′UTR shortening) = 8.5×10^−11^. (F) Correlation between nRUD values in generation of iPS cells and mRNA expression of the genes that are negatively (left) and positively (right) correlated with 3′UTR length in embryonic development. These gene sets are called negative correlation set (NCS, 59 genes) and positive correlation set (PCS, 74 genes).](pone.0008419.g003){#pone-0008419-g003}

We next calculated correlation between 3′UTR length and embryonic development stages by Pearson Correlation, using data sets corresponding to 8 different tissues from embryonic day (E) 8.5 to postnatal day (P) 0 [@pone.0008419-Ji1]. An example is shown in [Figure 3C](#pone-0008419-g003){ref-type="fig"}. We then selected genes with significant 3′UTR regulation in embryonic development (*P*\<0.05, [Figure 3D](#pone-0008419-g003){ref-type="fig"}), and examined how they were regulated in generation of iPS cells. As shown in [Figure 3E](#pone-0008419-g003){ref-type="fig"}, genes with 3′UTR shortening in generation of iPS cells were more likely to have 3′UTR lengthening in embryonic development (groups 1--3), whereas genes with 3′UTR lengthening in generation of iPS cells were more likely to have 3′UTR shortening in embryonic development (groups 4 and 5). This result indicates that 3′UTR regulation in generation of iPS cells from somatic cells is largely reversal of that in embryonic development.

We previously selected 2 sets of genes whose mRNA expression levels positively or negatively correlated with 3′UTR length in embryonic development [@pone.0008419-Ji1]. They were called Positive Correlation Set, (PCS) and Negative Correlation Set (NCS), respectively. Intuitively, they are marker genes for 3′UTR length in cells. We examined how their expression changes correlated with 3′UTR changes in generation of iPS cells, including all source cells, and partially and fully reprogrammed cells. As shown in [Figure 3F](#pone-0008419-g003){ref-type="fig"}, mRNA expression changes of both NCS genes and PCS genes significantly (*P* = 4×10^−15^ and 5×10^−16^) correlated with 3′UTR length with good negative and positive *r* values (*r* = −0.71 and 0.72), respectively, further indicating the close relation between generation of iPS cells and embryonic development in 3′UTR regulation.

Regulation of mRNA Polyadenylation Activity May Be Responsible for 3′UTR Dynamics {#s2d}
---------------------------------------------------------------------------------

Alternative 3′UTRs are generated by alternative use of poly(A) sites. Using human and mouse orthologous poly(A) sites [@pone.0008419-Lee1], we found that the proximal poly(A) sites of genes with more significant 3′UTR shortening in generation of iPS cells tend to be more conserved ([Figure 4A](#pone-0008419-g004){ref-type="fig"}). By contrast, there is no difference between distal poly(A) site groups, suggesting that regulation of 3′UTRs by APA is chiefly through proximal poly(A) sites. In addition, using alignments of human, mouse, rat, and dog genomes, we found that sequences surrounding proximal poly(A) sites involved in 3′UTR shortening (groups 1 and 2) were more conserved than those involved in lengthening (groups 4 and 5), whereas those surrounding distal poly(A) sites showed no such differences ([Figure 4B](#pone-0008419-g004){ref-type="fig"}).

![Analysis of poly(A) sites responsible for 3′UTR regulation.\
(A) Conservation of proximal and distal poly(A) sites between human and mouse genomes for different groups of genes. Gene groups are based on [Figure 3B](#pone-0008419-g003){ref-type="fig"}. *P*-value (Chi-squared test with null hypothesis being no difference between groups) = 4.1×10^−4^ for proximal poly(A) sites, and = 0.45 for distal sites. (B) Conservation of sequence surrounding proximal (left) and distal (right) poly(A) sites for groups 1+2 (red line) and groups 4+5 (green line). Y-axis is average percent of identity for a given nucleotide position, which was calculated using genome alignments of human, mouse, rat, and dog. X-axis is relative position to poly(A) site, with the cleavage site set at position 0. Standard errors are indicated by vertical bars along the lines. *P*-values are based on Wilcoxon matched-pairs test comparing 2 conservation profiles from −100 nt to +100 nt. Curves were smoothed by the Lowess regression method. (C) Distribution of cUTR length (left) and aUTR length (right) for genes in the 5 groups. *P*-value (Wilcoxon rank sum test) = 0.096 for cUTR length difference between groups 1+2 and groups 4+5, and = 2.7×10^−9^ for aUTR length difference. (D) Comparison of frequency of occurrence for all 5-mers in different regions surrounding proximal poly(A) sites for genes in groups 1+2 vs. those in groups 4+5. As indicated in the graph, 4 regions were examined, i.e. −100 to −41 nt, −40 to −1 nt, +1 to +40 nt, and +41 to +100 nt. The poly(A) site was set at position 0. Y-axis is the significance score (see [Methods](#s4){ref-type="sec"} for detail). Pentamers with significance score \>3 or \<−3 are shown in red. Significant ones after *P*-value correction by the Benjamin-Hochberg method are shown in dark red, i.e. UUUUU, UGUGU, and GUGUG.](pone.0008419.g004){#pone-0008419-g004}

We found also that genes with more significant 3′UTR shortening in generation of iPS cells had significantly longer aUTRs ([Figure 4C](#pone-0008419-g004){ref-type="fig"}), for example *P*-value = 2.7×10^−9^ (Wilcoxon rank sum test) for groups 1+2 vs. groups 4+5. But this trend was not detected for cUTRs. This result may suggest that APA events involving longer aUTRs are more likely to be detected by our method. However, given the trend in conservation of proximal poly(A) sites ([Figures 4A and 4B](#pone-0008419-g004){ref-type="fig"}), it is more likely that the proximal sites with longer aUTRs are more easily regulated.

We next reasoned that proximal poly(A) sites that were differentially regulated in generation of iPS cells and embryonic development might be surrounded by different cis elements. To this end, we compared the frequency of occurrence for all 5-mers near proximal poly(A) sites of genes in groups 1 and 2 vs. those in groups 4 and 5. We analyzed 4 regions, i.e. −100 to −41 nt, −40 to −1 nt, +1 to +40 nt, and +41 to +100 nt surrounding the poly(A) site. As shown in [Figure 4D](#pone-0008419-g004){ref-type="fig"}, we found that the major differences between these groups were elements located downstream of poly(A) sites, including UUUUU, UGUGU, and GUGUG, which were the binding sites for CstF-64, a factor in the CstF complex of the polyadenylation machinery [@pone.0008419-Takagaki1], [@pone.0008419-PerezCanadillas1], suggesting that the activity of CstF complex may be regulated during generation of iPS cells.

We then analyzed expression of 94 genes encoding proteins that are part of or associate with the mRNA polyadenylation machinery, largely based on a recent proteomics study [@pone.0008419-Shi1]. For simplicity, they were called poly(A) genes (see [Table S3](#pone.0008419.s014){ref-type="supplementary-material"} for the complete list). Overall, these poly(A) genes were significantly upregulated during somatic cell reprogramming ([Figure S8](#pone.0008419.s008){ref-type="supplementary-material"}) and there existed a significant negative correlation between expression of these genes and 3′UTR length ([Figure 5A](#pone-0008419-g005){ref-type="fig"}) across all data sets including SC and partially reprogrammed cells, suggesting that regulation of polyadenylation activity may be responsible for the regulation of 3′UTR in cell reprogramming. For example, 15 out of 23 genes encoding core polyadenylation factors ([Figure 5B](#pone-0008419-g005){ref-type="fig"}) and 31 out of 71 genes encoding associated factors ([Figure S9](#pone.0008419.s009){ref-type="supplementary-material"}) were consistently upregulated during generation of iPS cells across data sets, most of which were downregulated during reprogramming of SC and embryonic development. Interestingly, all 3 genes encoding factors in the CstF complex were significantly regulated, which was in good agreement with the cis element result described above. In addition, most of the genes encoding the CPSF complex were also upregulated, suggesting coordination in gene expression between CPSF and CstF complexes.

![Gene expression analysis in generation of iPS cells.\
(A) Correlation between mRNA expression of 94 poly(A) genes and nRUD values for all cell types, including before and after reprogramming and partially reprogrammed cells. Poly(A) genes are those reported in [@pone.0008419-Shi1] plus gene encoding Clp1 (see [Table S3](#pone.0008419.s014){ref-type="supplementary-material"} for the complete list). (B) A list of genes encoding core polyadenylation factors that are consistently regulated in generation of iPS cells. Fold changes (ratio of after reprogramming to before reprogramming) are shown in a heatmap according to the color scale shown at the bottom. Only the genes with consistent trend of regulation, either upregulation or downregulation in \>9 out of 10 data sets, during reprogramming of somatic cells are shown. Data for SC and different tissues in embryonic development are also shown for comparison. Human gene symbols are used to annotate genes. (C) Gene Ontology (GO) terms that are significantly associated with genes upregulated (top) and downregulated (bottom) during generation of human and mouse iPS cells from somatic cells. Significance score (SS) is used to represent *P*-values (see [Methods](#s4){ref-type="sec"} for detail), and is shown in a heatmap according to the scale shown in the graph. The poly(A) gene group was also analyzed and is shown in the middle. Its *P*-values are \<0.01 for all cell types. The median SS based on reprogramming of somatic cells is listed and used to sort GO terms. GO terms associated with more than 1,500 genes are considered too generic and are discarded. To eliminate redundancy, we require that the reported GO terms do not overlap with any other GO term with greater SS by more than 25% of associated genes.](pone.0008419.g005){#pone-0008419-g005}

To understand the significance of regulation of poly(A) genes in a global context, we analyzed all Gene Ontology (GO) Biological Processes (BPs) with respect to regulation of associated genes in generation of iPS cells. As shown in [Figure 5C](#pone-0008419-g005){ref-type="fig"}, consistent with 3′UTR regulation, 'RNA processing', which included over half of the 94 poly(A) genes, was the most significantly upregulated BP in reprogramming of somatic cells. Significantly, poly(A) genes, if treated as a BP group, would rank 7^th^ based on *P*-value in upregulated BPs. In addition, consistent with our previous finding that 3′UTR regulation coincides with regulation of genes involved in proliferation, differentiation, and morphogenesis during embryonic development, many related BPs were significantly regulated, most of which in opposite directions in generation of iPS cells from somatic cells compared with embryonic development. Interestingly, similar to 3′UTR regulation, most of the significant BPs for generation of iPS cells from somatic cells were also significant in reprogramming of SC, but in opposite directions, indicating substantial differences between germ cells and somatic cells in gene expression during the reprogramming process.

Impact of 3′UTR Regulation on Post-Transcriptional Gene Regulation in Generation of iPS Cells {#s2e}
---------------------------------------------------------------------------------------------

Regulation of 3′UTR length by APA can impact on cis elements located in 3′UTRs, resulting in different mRNA metabolism for different mRNA isoforms. Generally, cis elements in the 3′UTRs function to inhibit gene expression by repressing translation or facilitating mRNA degradation, such as miRNA target sites and AU-rich and GU-rich elements. Consistent with this notion, we found that genes with significant 3′UTR shortening in generation of iPS cells from somatic cells (group 1) were significantly less downregulated than other genes ([Figure 6A](#pone-0008419-g006){ref-type="fig"}).

![Impact of 3′UTR dynamics on gene expression and miRNA targeting.\
(A) Distribution of expression changes for genes with different 3′UTR regulations. Gene groups are based on [Figure 3B](#pone-0008419-g003){ref-type="fig"}. For each gene, the ratio of cUTR probe intensity after reprogramming to that before reprogramming was calculated and averaged across data sets. The Kolmogorov-Smironov test was used to compare the combined distribution of groups 1+2 with that of groups 4+5. (B) miRNA families predicted to function in iPS cells. The *P*-values (Fisher\'s exact test) for significance of downregulation of miRNA target are shown in a heatmap based on the color scale shown in the graph. Seed sequences are shown to represent the miRNA families. AAGUGCA is the seed sequence for miR-291b-3p/519a/519b-3p/519c-3p, AAAGUGC for miR-17-5p/20/93.mr/106/519.d, AGUGCAA to miR-130/301, AAGUGCU for miR-106/302, AUUGCAC for miR-25/32/92/92ab/363/367, and AGUGCUU for miR-302ac/520f. (C) A model showing the impact of 3′ UTR dynamics on miRNA targeting. "x" indicates miRNA targeting, and '−' indicates no miRNA effect. (D) Cumulative fraction of change of expression for different groups of genes based on miRNA target site location. Only the conserved target sites for miRNA families shown in (B) are used. The change of expression is based on ratio of after reprogramming to before reprogramming for probes targeting cUTRs, and is average of 5 mouse data sets, i.e. B lymph., MEF.a, MEF.b, NSC.a, NSC.b1, and NSC.b2. Different groups are colored differently as indicated in the graph. (E) As in (D), only the result using human SC data is presented. (F) Average ΔnRUD for genes with miRNA target sites in different UTR regions. Only the genes with target sites for the 6 miRNA families shown in (B) are used. Red dotted line indicates average ΔnRUD for all surveyed genes.](pone.0008419.g006){#pone-0008419-g006}

Several miRNAs have been reported to be expressed in ES cells [@pone.0008419-Gangaraju1], [@pone.0008419-Marson1] and introduction of ES cell-specific miRNAs was shown to promote generation of iPS cells [@pone.0008419-Judson1]. To examine how miRNAs were expressed and functioned in iPS cells, we first predicted functional miRNAs using mRNA profiles of their target genes. This analysis was based on the rationale that mRNAs targeted by miRNAs would show downregulated expression profiles compared with non-target mRNAs using microarrays [@pone.0008419-Farh1], [@pone.0008419-Sood1]. We focused on 211 miRNA families that were conserved between human and mouse ([Table S4](#pone.0008419.s015){ref-type="supplementary-material"}), and used the TargetScan method to predict target sites [@pone.0008419-Lewis1] with requirement of conservation in human, mouse, rat, and dog (see [Methods](#s4){ref-type="sec"} for detail). In good agreement with previous reports [@pone.0008419-Majoros1], [@pone.0008419-Chi1], we found that miRNA target sites tended to be located near 5′ and 3′ ends for all UTR groups ([Figure S10](#pone.0008419.s010){ref-type="supplementary-material"}), i.e. sUTR, cUTR, and aUTR. Using Fisher\'s exact test, we calculated significance score for each miRNA family which indicated whether its target genes were significantly upregulated or downregulated compared with other genes. By this method, we predicted a number of miRNA families which were likely to be functional in each iPS cell line (see [Table S4](#pone.0008419.s015){ref-type="supplementary-material"} for the full list). Significantly, the top 6 miRNAs with consistently high significance scores across all data sets were all reported to be expressed in ES cells ([Figure 6B](#pone-0008419-g006){ref-type="fig"})[@pone.0008419-Gangaraju1], [@pone.0008419-Marson1], indicating concordance between iPS cells and ES cells with respect to miRNA-mediated gene regulation.

We next reasoned that genes with miRNA target sites located in aUTRs might be regulated differently than genes with sites located in cUTRs because of change of 3′UTR length during generation of iPS cells [@pone.0008419-Legendre1], as illustrated in [Figure 6C](#pone-0008419-g006){ref-type="fig"}. We focused on target sites for the top 6 miRNA families that were reported to be expressed in ES cells. As shown in [Figure 6D](#pone-0008419-g006){ref-type="fig"}, genes with target sites in aUTRs were significantly (*P*\<0.04) less downregulated than those with target sites in cUTRs or sUTRs during generation of mouse iPS cells from somatic cells, suggesting that shortening of 3′UTRs leads to evasion of miRNA targeting in aUTRs. In line with this finding, genes with aUTR targets tended to be more downregulated than those with target sites in cUTRs or sUTRs during reprogramming of human SC, during which 3′UTRs were lengthened ([Figure 6E](#pone-0008419-g006){ref-type="fig"}). Furthermore, we also found that change of 3′UTR length during reprogramming was more significant for genes with miRNA target sites in aUTRs than those with sites in cUTRs ([Figure 6F](#pone-0008419-g006){ref-type="fig"}), suggesting that mRNA isoforms with aUTRs were selectively degraded, leading to relatively higher abundance of isoforms with only cUTRs.

Discussion {#s3}
==========

Here we show that 3′UTRs are reprogrammed by APA during generation of iPS cells from different cell types, which appears to be reversal of their regulation in development: Shortening of 3′UTRs in reprogramming of somatic cells is opposite to their regulation in embryonic development, and lengthening of 3′UTRs in reprogramming of germ cells appears to be reversal of their regulation in postnatal development of testis [@pone.0008419-Ji1]. These results underline the dynamic nature of 3′UTR regulation in development, and indicate that APA is an integral part of cell reprogramming process. Interestingly, the developmental potency of a cell type, i.e. germ cells\>ES cells\>partially differentiated cells \> terminally differentiated cells, seems to inversely correlate with the global 3′UTR length. On this note, it remains to be seen whether the 3′UTR length can be used as a marker to monitor cell reprogramming process, and whether perturbation of APA may alter the efficiency of generation of iPS cells.

Sandberg et al. reported 3′UTR shortening in T cell activation and a general correlation between 3′UTR shortening and cell proliferation [@pone.0008419-Sandberg1]. Mayr and Bartel further found that 3′UTR shortening is more apparent in transformed cells than nontransformed ones with similar proliferating rate [@pone.0008419-Mayr1]. Taken together their findings and ours, we propose that the 3′UTR lengthen is controlled by both proliferation and differentiation states, as depicted in [Figure 7](#pone-0008419-g007){ref-type="fig"}. Given the good correlation between expression of poly(A) genes and global 3′UTR length, one attractive model for the underlying mechanism is that the polyadenylation machinery is dynamically regulated during proliferation/differentiation. In line with this, we found that binding sites of several transcription factors related to proliferation/differentiation, including E2F, c-myc and p53, are enriched in the promoter regions of RNA processing genes ([Figure S11](#pone.0008419.s011){ref-type="supplementary-material"}), which included more than half of the poly(A) genes, and factors in E2F and pRB families were reported to bind promoter regions of genes encoding CstF factors [@pone.0008419-Cam1].

![A model for regulation of 3′UTR by APA in proliferation/differentiation.\
During proliferation, dedifferentiation, and cell transformation, high mRNA polyadenylation activity leads to usage of proximal poly(A) sites, whereas during differentiation, low mRNA polyadenylation activity leads to usage of distal poly(A) sites. The signs '+' and '−' indicate activation and inhibition, respectively.](pone.0008419.g007){#pone-0008419-g007}

By comparing 3′UTR dynamics in cell reprogramming with that in embryonic development, we uncovered several features that are important for regulation of proximal poly(A) sites: 1) The proximal sites that are highly responsive to change of cell state during cell reprogramming, such as group 1 poly(A) sites in [Figure 3B](#pone-0008419-g003){ref-type="fig"}, are also highly regulated in embryonic development, leading to 3′UTR shortening and lengthening in reprogramming and development, respectively. 2) Compared with other sites, these highly regulatable ones are more conserved across species, indicating their functional importance. Their flanking regions are under higher evolutionary constraint, suggesting more elements may be located around these sites, which may function under different conditions. On this note, it was recently reported that the proximal poly(A) sites having higher variation of usage in different human tissues tend be to flanked by sequences with higher conservation rate [@pone.0008419-Wang1]. 3) Highly regulatable proximal poly(A) sites lead to longer aUTRs when not used. On the one hand, this suggests that more cis elements in aUTRs can be regulated by APA for the corresponding genes; on the other hand, longer aUTRs may allow more effective regulation of proximal poly(A) sites with less interference from distal poly(A) sites. 4) Highly regulatable proximal sites have higher occurrences of downstream U-rich and GU-rich elements, which are the binding sites for the CstF complex. While the roles of elements located upstream or beyond our investigated region (−100 to +100 nt) cannot be ruled out, this result argues that ability to recruit the CstF complex is crucial for regulatability of a proximal poly(A) site when cellular polyadenylation activity changes during proliferation/differentiation. Presumably, this is due to the fact that proximal poly(A) sites have weaker upstream PAS compared with distal poly(A) sites [@pone.0008419-Tian1], and thus are more susceptible to regulation by downstream elements. This finding is also consistent with an early discovery that CstF-64 regulates APA of IgM heavy chain gene in B cell differentiation [@pone.0008419-Takagaki2].

Interestingly, by GO analysis we found that genes in group 1 tend to have functions in signal transduction, such as protein ubiquitination and phosphorylation, RNA processing, and cell cycle process ([Table S5](#pone.0008419.s016){ref-type="supplementary-material"}). As shown previously and here, 3′UTR lengthening and shortening can impact on miRNA targeting, mRNA stability, and protein production. Since these genes are highly regulated in cell proliferation and differentiation and may play roles in APA, it is possible that regulation of their 3′UTRs by APA forms feedforward and feedback regulatory circuitries, which can ensure rapid regulation of their gene expression during cell proliferation and differentiation. This is to be examined in detail in the future.

While the general trend of 3′UTR regulation is consistent across different somatic cell types, the extent of regulation varies. Noise in analyzing heterogeneous data sets can be a contributing factor. However, the good sample clustering ([Figures 2D and 2E](#pone-0008419-g002){ref-type="fig"}) according to cell type and state using gene nRUD argues against that it is a major one. The difference in general polyadenylation activity can explain some of the variation, given the correlation between expression of poly(A) genes and sample nRUD ([Figure 5A](#pone-0008419-g005){ref-type="fig"}). However, cell-specific regulation is very likely to contribute additional variations in 3′UTR regulation. For example, NSCs have the most drastic shortening of 3′UTRs of all cell types analyzed, but poly(A) genes do not appear to be more regulated than in other cells ([Figure 5C](#pone-0008419-g005){ref-type="fig"}). Thus, other cell-specific APA regulatory mechanisms are in play in addition to regulation of general polyadenylation factors. In support of this notion, a growing number of factors have been shown to regulate polyadenylation [@pone.0008419-Lutz1]. For example, the RNA binding protein Nova has been shown to have a widespread impact on APA in neuronal cells [@pone.0008419-Licatalosi1]. Conversely, since the APA pattern is determined by both cell type and developmental state, it can be used as biomarker for sample clustering and classification. Since the APA pattern is calculated by comparing different isoforms, the data are internally normalized, and can be more robust than mRNA levels for separating samples.

Our RUD values were based on microarray probes targeting cUTR and aUTRs that are defined by proximal and distal poly(A) sites. Notably, about 40--50% human and mouse genes with APA contain also poly(A) sites between proximal and distal sites, which we previously named 'middle' poly(A) sites [@pone.0008419-Tian1]. Analysis of middle poly(A) sites would require dividing aUTR probes into different groups, i.e. upstream and downstream of each middle poly(A) site. Due to the limited number of microarray probes for aUTRs, only a very small number of genes can be examined by this approach. Therefore, while we did observe higher probe-to-probe variations within aUTRs than those within cUTRs (data not shown), which may be partially attributable to usage of middle poly(A) sites, we grouped all aUTR probes together in this study. In a sense, our analysis detects only a general trend of upstream poly(A) site usage vs. downstream site usage. Since middle poly(A) sites are usually less frequently used than proximal and distal sites [@pone.0008419-Tian1], [@pone.0008419-Lee1], variation of their usage would have only a marginal effect, if any, on median-based sample RUD and detection of global trend of 3′UTR lengthening or shortening. On the other hand, it is noteworthy that regulation of some middle poly(A) sites can be functionally relevant, as a sizable fraction of these sites are conserved in mammals, and some tissues appear to favor their usage [@pone.0008419-Zhang1]. The technical limitation in analysis of middle poly(A) sites can be significantly mitigated when genome-tiling microarrays or deep sequencing techniques are employed, which are just beginning to be used in iPS cell research.

We found that microarray data generated at different times for the same biological sample can give different 3′UTR length measurements, suggesting systematic variation in sample processing. One possibility is difference in reverse transcription which starts at the 3′ end and stops at regions that are variable between samples. Presumably, this can not only affect analysis of 3′ UTRs but also gene expression. Thus, precautions need to be taken when data sets from different studies or sample processing times are compared. In this study, we used sUTRs to normalize RUD values derived from cUTRs and aUTRs. While it is possible that some sUTRs may contain alternative poly(A) sites that are yet to be identified by the PolyA_DB database used in this study [@pone.0008419-Lee2], the method appeared to significantly reduce sample-to-sample variations. In theory, this approach can also be applied to other platforms, such as genome-tiling microarray and deep sequencing.

Methods {#s4}
=======

Microarray Data Analysis {#s4a}
------------------------

Microarray data were downloaded from the NCBI GEO database and are listed in [Table S1](#pone.0008419.s012){ref-type="supplementary-material"}. The data set for embryonic development of 8 tissues were described in [@pone.0008419-Ji1]. Gene expression analysis was carried out by the Affymetrix Expression Console software using the Robust Multi-array Average (RMA) method for normalization. The MAS 5.0 program was used to get 'absent' and 'present' calls. Affymetrix GeneChip probes were mapped to cUTR and aUTR sequences as previously described [@pone.0008419-Ji1]. Poly(A) sites in human and mouse genomes were obtained from PolyA_DB [@pone.0008419-Lee2]. To ensure data quality, we used only those aUTRs supported by RefSeq, and required at least 2 probes in both cUTR and aUTR for each gene. The numbers of probes used for cUTRs and aUTRs are shown in [Figure S2](#pone.0008419.s002){ref-type="supplementary-material"}. Analysis of 3′UTR regulation was based on ratios of cUTR probe intensities to aUTR ones across a sample set, as illustrated in [Figure S1](#pone.0008419.s001){ref-type="supplementary-material"}. Each gene was assigned a value named Relative Usage of Distal poly(A) site score, or RUD, reflecting relative 3′UTR length in a given sample. The median RUD of all genes in a sample is RUD for the sample.

We found that in some cases, RUD can be influenced by experimental design. As shown in [Figure S3](#pone.0008419.s003){ref-type="supplementary-material"}, a batch of samples processed together could have different RUD values than another batch which was not consistent with biological grouping. This systematic variation might be due to technical differences between batches of microarray experiments, such as reverse transcription, labeling, hybridization, etc. To control this variation, we included a normalization step using genes without APA, as described in detail in [Figure S1](#pone.0008419.s001){ref-type="supplementary-material"}. The normalized RUD value is called nRUD.

Analysis of APA Regulation {#s4b}
--------------------------

A logistic regression model was employed to examine the correlation between nRUD values and reprogramming states, i.e. iPS or somatic cells. Let *p* be the probability that a sample is iPS cell. We define *logit* (*p*) = *ln* (*p*/1−*p*) = *a*+*b*\**x*, where *x* is a vector of nRUD values; *a* and *b* are coefficients to be estimated. Chi-square test was used to derive a *P*-value for the model fitting. The significance of APA regulation during reprogramming was represented by a significance score (SS). SS = log~10~ (*P*-value)\*s, where s = 1 when b\<0, and s = −1 otherwise. Thus, a negative SS indicates 3′UTR shortening in cell reprogramming, and a positive value for lengthening.

Poly(A) Site Analysis {#s4c}
---------------------

Conservation of poly(A) sites was analyzed by the UCSC liftover program using human and mouse genome alignments, allowing +/−24 nucleotides (nt) for finding orthologous sites, as described in [@pone.0008419-Lee1]. Sequence conservation of the poly(A) region (−100 to +100 nt) was based on the genome alignment of human, mouse, rat and dog, obtained from UCSC MultiZ files. The average percent of identity value at each position was calculated to indicate the conservation rate for the position. To identify potential cis elements associated with 3′UTR regulation by APA, occurrences of all 5-mers in the poly(A) regions were enumerated. Poly(A) sites were divided into 5 groups based on regulation of 3′UTR in generation of iPS cells ([Figure 3B](#pone-0008419-g003){ref-type="fig"}). The Fisher\'s exact test was used to examine the significance of association between a 5-mer and gene groups, resulting in *P*-value 1 for bias to groups 1+2 and *P*-value 2 for bias to groups 4+5. A significance score (SS) was used to represent the overall significance. SS = −log~10~ (*P*-value 1) when *P*-value 1\<*P*-value 2, and = log~10~(*P*-value 2) otherwise.

Gene Ontology (GO) Analysis {#s4d}
---------------------------

We used NCBI GO annotations for genes. Only the Biological Process (BP) category was used. The GO Parser program from BioPerl was used to find all associated GO terms for a given gene. Only genes with detectable signals based on A/P call of MAS 5.0 in \>50% of samples were used. Fold change \>1.2 and *P*-value \<0.05 (t-test) between before and after reprogramming samples were used to select regulated genes. We used the Fisher\'s exact test to examine whether a significant fraction of genes associated with a GO term were upregulated (*P*-value 1) or downregulated (*P*-value 2). Each GO term was given a significance score (SS) based on the *P*-values. SS = −log~10~ (*P*-value 1) when *P*-value 1\<*P*-value 2, and = log~10~(*P*-value 2) otherwise.

miRNA Analysis {#s4e}
--------------

We used miRNA seed matches to identify miRNA target sites by the TargetScan 4.1 program [@pone.0008419-Lewis1]. Target sites were those with matches at seed region (2--7 nucleotides, nt) and either M8 or A1. We required the seed region to be conserved among human, mouse, rat, and dog genomes. The alignments of UTR sequences were obtained from UCSC. miRNA information was obtained from the TargetScan 5.1 web download page. miRNAs were grouped into families based on the 2--8 nt region and only those conserved between human and mouse in the seed region were used (211 families in total). To predict miRNA effects, we used Fisher\'s exact test to examine whether a significant fraction of targeted genes for a given miRNA were upregulated (*P*-value 1) or downregulated (*P*-value 2) using fold change \>1.2 and *P*\<0.05 (t-test) as cutoff. Significance score (SS) was then derived as described above for SS in GO analysis.

Promoter Analysis {#s4f}
-----------------

Position-specific scoring matrices (PSSMs) for transcription factor binding sites (TFBS) were obtained from the Transfac database (Version 11.4). Only those with quality score 1--4 were used. The transcription start sites (TSS) were defined by RefSeq. The MATCH tool [@pone.0008419-Kel1] was used to scan the −700 nt to +300 nt promoter region surrounding TSS with the mode to minimize false negative. We required all hits to be 100% conserved between human and mouse genomes. Fisher exact test was used to identify TFBS that were significantly associated with RNA processing genes. For factors with multiple PSSMs, the one with the most significant *P*-value was shown.

Supporting Information {#s5}
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Analysis of APA using normalized Relative Usage of Distal poly(A) site score (nRUD). Method to calculate nRUD. Top, a gene with APA; Bottom, a gene without APA. CDS, coding sequence; cUTR, constitutive UTR; aUTR, alternative UTR; sUTR, single UTR; AAA, poly(A) tail. Red bars are Affymetrix (Affy) GeneChip probes.
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Click here for additional data file.
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Histograms of cUTR and aUTR probe numbers for Affymetrix HU133 v2.0 GeneChip and Mouse 430 v2.0 GeneChip. All human data sets used Hu133 v2.0 and all mouse data sets used Mouse 430 v2.0.

(0.01 MB PDF)

###### 

Click here for additional data file.

###### 

Correction of systematic differences between data sets using the nRUD method. (A) Data set for the generation of iPS cells from human BJ fibroblast (BJ in [Figure 1](#pone-0008419-g001){ref-type="fig"}). (B) RUD values without normalization. (C) nRUD values, i.e. RUD values with normalization. Samples in the same iPS cell group have more consistent nRUD values than original RUD values. (D) RUD\' values derived from probes targeting sUTRs. The difference between February/March samples and May samples indicates systematic differences in sample processing.
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Dynamic regulation of 3′UTR by APA in generation and differentiation of iPS cells. Shortening of 3′UTRs in generation of iPS cells from adult mouse neural stem cells (NSC), and lengthening of 3′UTRs in differentiation of iPS cells to NSC.
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Consistent regulation of 3′UTR in generation of iPS cells across different sample sets. (A) Heatmap showing 674 mouse genes with APA surveyed in 6 sample sets. The 3′UTR regulation was measured by gene nRUD, which is represented by color according to the scale shown in the graph, with red indicating 3′UTR lengthening and green 3′UTR shortening. Samples and genes were also clustered using gene nRUD by hierarchical clustering using Pearson Correlation. (B) Genes in (A) with 3′UTR shortening in 5 out of 6 sample sets were selected (47% of total). (C) The percent of selected genes (47%) is significantly higher than expected. The histogram shows distribution of percent of genes having 3′UTR shortening in 5 out of 6 sample sets when genes are randomized in each column. The red line in the graph indicates the observed percent of genes. (D) As in (A), 996 human genes were surveyed. (E) Genes in (D) with 3′UTR shortening in 3 out 4 sample sets were selected, excluding SC. The data for SC are included for comparison. (F) As in (C), the percent of genes selected (49%) is significantly higher than that using randomized data.
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###### 

Regulation of 3′UTR in generation of iPS cells. (A) Left, distribution of nRUD for genes surveyed in NSC.a; Right, scatter plot of genes with APA. Each dot is a gene surveyed by microarray probes. X-axis and Y-axis are log2(A/B) values for probes targeting cUTRs and aUTRs, respectively, where A and B are average probe intensities for samples after and before reprogramming, respectively. Genes with nRUD greater than 1.5\*(standard deviation of all genes) are shown in red, indicating significant 3′UTR lengthening, or green, indicating significant 3′UTR shortening. The numbers of genes for these 2 groups are indicated in insets. (B) Left, distribution nRUD for genes surveyed in SC; Right, scatter plot of genes with APA, as described for (A). (C) Selection of genes with 3′UTR regulation in generation of iPS cells using 3 cutoffs, i.e. 1, 1.5, and 2 standard deviation, as illustrated in (A) and (B). L and S are number of genes with 3′UTR lengthening and shortening, respectively. P-values are based on binomial tests for comparing L and S. (D) S/L and L/S are ratios. Three cutoffs were used to select genes.
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Separation of samples using gene nRUD. Sample cluster shown in [Figure 2D](#pone-0008419-g002){ref-type="fig"} with sample names.
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Poly(A) genes are significantly upregulated during cell reprogramming from different mouse cell types. For each data set, the ratios of gene expression after reprogramming to that before reprogramming for all genes and poly(A) genes were plotted in a cumulative distribution function (CDF) plot (left) and a boxplot (right). The difference between all genes and poly(A) genes is significant (P-value \<0.005) for all data sets, based on Kolmogorov-Smironov test and Wilcoxon rank sum test.
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Regulation of genes encoding auxiliary polyadenylation factors in generation of iPS cells and embryonic development. For generation of iPS cells, samples before and after reprogramming were compared. Positive values indicate upregulation after reprogramming. For embryonic development, the gene expression values in the first and last days of embryonic development were compared. Samples for 8 individual tissues and mixed tissue were used, as described for [Figure 5](#pone-0008419-g005){ref-type="fig"}. Only the genes with consistent trend of regulation, either upregulation or downregulation in 9 out of 10 data sets for somatic cell reprogramming are shown.
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Distribution of miRNA target sites in different UTR groups. (A) Distribution of target sites for all 211 conserved miRNA families that are surveyed in this study. X-axis in each graph is relative location of target sites based on 10 evenly divided sub-regions in any given UTR. (B) Distribution of target sites for 6 miRNAs analyzed in this study.
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Transcription Factor Binding Sites (TFBS) significantly associated with RNA processing genes. P-values were based on Fisher\'s exact test. Sequence logos for TFBS are also shown. See [Methods](#s4){ref-type="sec"} for detail.
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Data sets used in this study.

(0.06 MB PDF)

###### 

Click here for additional data file.

###### 

Microarray samples used in this study.
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Poly(A) genes analyzed in this study.
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Prediction of function in generation of iPS cells for 211 miRNA families.
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Significant Gene Ontology terms associated with genes in group 1.
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